The optical constants of rhodamine 6G dissolved in methanol and of a solid rhodamine 6G film are determined. The concentration of the solutions is varied between 10 _ 5 and 0.66 mol/Y. Deviations from Beer's law at high concentrations are found. They are thought to be due to the mutual interaction of neighbouring molecules. The absorption behaviour of rhodamine 6G in methanol is compared with the absorption behaviour of rhodamine 6G in water.
Introduction
In solutions of low concentration dyes dissolve practically completely into monomers. The absorption spectra are determined by the intrinsic absorption of the dye molecules and the dye-solvent interaction. Dye-dye (solute-solute) interaction is negligible because of the large average distance between the dye molecules. The absorption spectra obey the Beer-Lambert law, i.e. the absorption cross sections are independent of concentration. With increasing dye concentration dimers or higher aggregates are formed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The absorption spectra contain contributions from the monomers and the aggregates and the absorption cross sections become concentration dependent, i.e. deviations from the Beer-Lambert law occur. The strength of dimer (and higher aggregate) formation and the solubility are strongly dependent on the solute-solvent combination and on the temperature. For highly soluble dye solutions the dye-dye interaction gains importance at high concentrations since the mean distance between the dye molecules becomes small. The dye-dye interaction of neighbouring dye molecules contributes to the deviation of the absorp- tion spectra from Beer's law at high concentrations [1, [11] [12] [13] .
In this paper the concentration dependence of the absorption and refractive index spectra of rhodamine 6G chlorid dissolved in methanol is studied. The dye concentration is varied between 10" 5 and 0.66 mol/*f (solubility limit). Deviations from Beer's law are observed for concentrations C > 0.1 mol/Y. These deviations are thought to be caused mainly by the mutual interaction of statistically near neighbouring molecules (closely spaced pairs) [1, 11, 12] . The absorption spectrum of the mutually interacting rhodamine 6G molecules in methanol is resolved and compared with the dimer spectrum of rhodamine 6G in water. In water deviations from Beer's law are observed already at concentrations as low as 10" 5 mol/Y indicating a strong dimerization tendency. Additionally, the optical spectra of a solid rhodamine 6G film are compared with the solution spectra.
Experimental
Solutions of rhodamine 6G in methanol are investigated at room temperature (22° C) in the concentration range from 10" carried out with a spectrophotometer. In the range 4000 cm -1 < a < 10000 cm -1 the absorption cross sections are determined by spectrophotometer measurements with a thin cell of variable thickness. The cell thickness is determined by transmission measurements in spectral regions of known absorption cross section. Absorption coefficients a > 10000 cm -1 are determined by measuring the reflectivity of parallel polarized light at the Brewster angle [14] . From these reflectivity measurements both optical constants, n (refractive index) and k (extinction coefficient), are determined (complex refractive index n' = n-ik).
The absorption coefficient a (unit: cm -1 ) is related to the extinction coefficient k by a = 4ir£/c (v wave number in cm -1 ). The absorption cross section o (unit: cm 2 ) is derived from a by a = 1000a/7V A C, where N A = 6.022045 X 10 23 mol 1 is Avogadro's number and C is the dye concentration (unit: mol//). The often used molar decadic absorption coefficient c (unit: / mol -1 cm -1 ) is related to the absorption cross section a by € = a7V A /(1000 In 10). The optical constants of a solid rhodamine 6G film were also determined by the reflection technique [14, 15] . The film was prepared on a 90° prism (methanolic rhodamine 6G solution was poured on the hypotenuse and the solvent evaporated). 
Results
The measured minimum parallel reflectivities R u (4>B) and the corresponding Brewster angles <£ B are shown in figs. 1 and 2, respectively, for solid rhodamine 6G and various rhodamine 6G-methanol solutions. From the R u (<j> B ) data the optical constants k and n are calculated [14] and the results are shown in figs. 3 and 4. The extinction coefficients for k < 0.04 have been determined by transmission measurements. From the extinction coefficients k the absorption cross sections a have been calculated. The resulting absorption spectra are shown in fig. 5 for 10~5, 0.2, 0.4 and 0.66 mol//. The depicted S 0 -S l absorption band clearly changes with concentration. Two isobestic points at X = 542.5 and 507.5 nm are formed indicating a concentration dependent equilibrium between two species. The absorption spectra at various concentrations (10 ~5 mol//< C < 0.66 mol//) have been measured in the wavelength region between 220 and 700 nm (spectra of the extended region are not shown here, see for example ref. [16] ). For A < 380 nm the absorption cross sections were found to be independent of concentration within the experimental accuracy. This fact indicates that the higher singlet state absorption bands (S 0 ->S W , n>2) are not influenced measurably by the solute-solute interaction.
For rhodamine 6G in methanol there is practically no change in the absorption spectra observable up to concentrations of 0. thought to become important. The absence of absorption changes up to 0.1 mol/V indicates the weak tendency of dimer formation in rhodamine 6G-methanol solutions (dimer binding energy small compared to thermal energy). The situation is completely different for rhodamine 6G dissolved in water. In fig. 6a absorption spectra of this solution are shown for 7.9 X 10" 7 , 7.9 X 10~5, 1.48 X 10" 5 and 7.41 X 10~4 mol/<f (data taken from ref. [8] ). Absorption changes are already observed at concentrations as low as 10 ~5 mol/Y. The results indicate the strong tendency of dimer formation (dimer binding energy U B large compared to thermal energy kT [17] ). In general dyes dissolve in monomers, dimers, trimers, etc. At low concentrations monomers dominate. With increasing concentration dimers and higher aggregates may gain importance. Each component (monomer, dimer, etc.) may have a different absorption behaviour. At high concentration the constituting components (monomers, dimers, trimers, etc.) of the solution come near together (statistical random walk distribution of constitutes) and if two neighbouring components are within an interaction volume
Analysis of the absorption spectra
the mutual solute-solute interaction changes the absorption behaviour.
The apparent absorption cross section o = 1000a/N A C (C total concentration of dye molecules), which is obtained by absorption measurements, may be composed of free monomelic, dimeric, trimeric, etc contributions (no dye neighbour within V x arround component) and of interacting monomer-monomer, monomer-dimer, dimer-dimer, etc. contributions (components within V{). Restricting to the absorption of free (non-interacting) /-mers (n = 1, 2, 3,...) and to the absorption of /-mer-y-mer pairs in interaction centers the apparent absorption cross section o may be written as
where x t is the mole fraction of free /-mers and Xjj is the mole fraction of interacting /-mer-y-mer pairs (within interaction volume V Y ). The mole fractions add up to one, i.e. L^i*,-+ L^L^x^ = 1. o t is the absorption cross section of one molecule in the z"-mer (z'-mer absorption cross section divided by i) and a tj is the absorption cross section of one molecule in the interacting /-mer-ymer compound (compound absorption cross section divided by / + j). It should be mentioned that basic dyes (like rhodamine 6G) and acid dyes may dissociate at high dilutions (C < 10" 4 mol/*f) into cations and anions and the absorption spectra of the neutral molecules may differ from the ions [3, 18, 19] . Very often the difference in the absorption spectra of dissociated and undissociated molecules is small. In eq. (1) and in the following discussion ionic dissociation effects are neglected.
If the concentration dependent change in the absorption spectra is mainly due to dimer formation eq. (1) reduces to 
The described situation applies to rhodamine 6G in water since deviation from Beer's law occurs already at low concentrations (d^d Y ) and the isobestic point ( fig. 6a) indicates an equilibrium between two species. fig. 7b show the corresponding mole fractions of molecules in dimers.
Using eqs. (4) and (8) together with K D «1.5 X 10 3 tf/mol the dimer absorption spectrum a D (X) of rhodamine 6G in water is resolved from the absorption spectra of fig. 6a . The result is shown in fig. 6b together with the monomer absorption spectrum [8] . The dimer absorption spectrum a D (X) reveals a weak long-wavelength absorption and a strong short-wavelength absorption peak within the S 0 -S 1 absorption band. The frequency spacing between the two absorption peaks is approximately 1500 cm -1 . This spacing agrees within experimental accuracy with the spacing between the absorption peak and the vibronic shoulder of the monomer spectrum. The long-wavelength peak of the dimer spectrum is reduced in height by a factor of 2.3 and shifted about 500 cm -1 to longer wavelengths compared to the monomer absorption peak. The short wavelength peak of the dimer spectrum is approximately a factor of 3.9 higher than the vibronic shoulder of the monomer spectrum.
If the deviation from Beer's law is caused mainly by the interaction of neighbouring monomer molecules then eq. (1) reduces to
or °AM = 1 ~ *s(l -^SAM) (10) and (11) x s is the mole fraction of molecules in closely spaced pairs. The fraction of molecules in statistically formed binary molecular centers is given by [1, 11, 12] x s = l-exp(-F I 7V A C), (12) if other aggregate mole fractions are negligible. The rhodamine 6G-methanol solutions may be described by this situation since deviations from Beer's law occur only at high concentrations (average molecular distance d near to interaction distance d x ) and the two isobestic points ( fig. 5 ) indicate the equilibrium between two species. In fig. 8a Using eqs. (11) and (12) the absorption spectrum a s (A) is resolved from the spectra of fig. 5 . The result is presented in fig. 9 together with the monomer spectrum a M (A). Two absorption maxima of approximately equal strength are found in the S 0 -S 1 absorption band of a s . The long-wavelength absorption maximum is reduced a factor of two and shifted about 500 cm wavelength side compared to the monomer spectrum. The short-wavelength absorption maximum is enhanced a factor of 1.5 compared to the vibronic shoulder of the monomer spectrum. The frequency spacing between the absorption peaks of approximately 1500 cm -1 is within experimental accuracy equal to the frequency spacing of monomer absorption peak and vibronic shoulder. The spectrally integrated absorption cross sections of the free monomers and the monomers in closely spaced pairs are fo M (v)dv = 6.38 X 10" 13 cm and jo s (v)dp = 5.58 X 10~1 3 cm. The total absorption strength of the molecules in the centers is about 20 percent less than the total absorption strength of the undisturbed monomers. The monomer spectrum decreases exponentially over four orders of magnitude at the long-wavelength side due to thermal population of states in the S 0 -band [20] [21] [22] [23] . The reduced decay beyond 600 nm is due to impurities [24] . The long-wavelength slope of the a s spectrum is less steep than expected from thermal population of the S 0 -band. This long-wavelength broadening indicates some inhomogeneous distribution of the molecular absorption in the interaction centers. fig. 10b the allowed region of the mole fraction x D is illustrated. The law of mass action in the form of eq. (6) is only valid for low concentrations. At high concentrations one has to replace the concentrations by activities (corrected concentrations) [25] in order to keep the law of mass action valid (take care of additional closely spaced pairs). The experimental points in fig. 10a can be fitted by the assumption of the simultaneous presence of dimers and closely spaced pairs. The data allow only the determination of an upper limit of the dimerization constant to K DmsiX «1.2 £/mo\ (lower limit of fig. 10a , contributions from closely spaced pairs reduce eq. (6) the concentrations have to be modified to activities to take care of the increased interaction pair formation at high concentration. In fig. 9 the normalized absorption spectrum of the solid rhodamine 6G film is included (obtained from fig. 3 ). Besides a spectral shift the shape is similar to the a s spectrum. In solutions a solvent induced spectral shift is expected [26] . The absolute absorption cross-section values could not be given since the density of the solid film is unknown.
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Conclusions
The analysis of the concentration dependence of the absorption cross sections of rhodamine 6G in methanol shows that the deviation from Beer's law at high concentrations (C>0.1 mol/*f) is mainly due to the monomer-monomer interaction of neighbouring molecules (average distance < 2.55 nm, rhodamine 6G molecule size «lxlx 0.4 nm 3 ). In ref.
[27] these interacting neighbouring molecules were called quenching centers, since they are mainly responsible for fluorescence quenching at high concentration in rhodamine 6G-methanol solutions.
The concentration dependent absorption behaviour of rhodamine 6G in methanol is compared with the absorption behaviour of rhodamine 6G in water (data from ref. [8] ). For rhodamine 6G in water deviation from Beer's law is already observed at concentrations as low as 10" 5 mol/*f (average distance between molecules ~ 55 nm) due to the formation of stable ground state dimers (dimer binding energy > thermal energy [17] ). The dimer formation in the solvent water seems to be due to the linking of two dye molecules by two hydrogen bridges of water of the form dye • • • H-O-H • • • dye. In case of rhodamine 6G in methanol the methanol solvent shell around the dye molecules seems to hinder or lower the probability of dye-dye linkage (in methanol only one H-atom is able of hydrogen bonding).
The dimer absorption spectrum of rhodamine 6G in water and the absorption spectrum of interacting rhodamine 6G molecules in methanol are different in shape. Both spectra split into two components. The frequency splitting is within experimental accuracy equal to the frequency of the dominant vibronic breathing mode of rhodamine 6G. The relative heights of the two components are different. The different absorption shapes indicate a different origin of the spectra (stable ground state dimers in water versus mainly closely spaced pairs in methanol). The absorption behaviour of ground state dimers has been extensively studied by exciton theory [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . The exciton theory should be extendable to a theoretical description of the high concentration monomermonomer interaction. A possible explanation of the difference of the dimer spectrum of rhodamine 6G in water and the interaction center spectrum of rhodamine 6G in methanol may be found in assuming different S 0 -S 1 Franck-Condon shifts for both species [45] [46] [47] .
